Study Design. A prospective imaging study to develop diagnostic criteria.
S
pinal cord injury without radiological abnormality (SCIWORA) is described as a spinal cord injury without evidence of spinal fracture or dislocation on plain radiography or computed tomography. 1 Although SCIWORA is more common in children than in adults, it can occur in the context of degenerative spinal conditions, such as cervical spondylosis, ossification of the posterior longitudinal ligament, and disk herniation. [2] [3] [4] [5] [6] [7] In adults, its mechanism of injury is characterized by minimal trauma.
SCIWORA is diagnosed by physical symptoms, neurological examination, and radiographic imaging. Regardless of the population assessed, there is no doubt that magnetic resonance imaging (MRI) is the best clinical tool for evaluating traumatic spinal cord injury.
2,4-12 MRI can show not only the degree of spinal canal stenosis but also the intramedullary state of the spinal cord in detail, which can help us to diagnose spinal cord injury. Moreover, MRI provides useful information about neural and extraneural injuries 9 and can be used to identify epidural hematomas and significant disk herniations requiring surgical intervention. 6, 7 High-contrast multiplanar MRI provides information about canal stenosis, spinal cord compression, and other extramedullary findings with the absence of bony artifacts.
MRI is mostly performed during the acute phase, shortly after the spinal cord injury. 5, 6, 10 Typical MRI findings of extraneural injuries and spinal cord compression can provide clues to the diagnosis of SCIWORA. Some reports suggest that high-signal intramedullary intensities [i.e., increased signal intensity (ISI)] and prevertebral hyperintensity (PVH) are often present in the acute MRI results of patients with SCIWORA, reflecting symptom severity and neurological outcome (Figure 1) . 8, 10, 11 However, no reports have considered the progression of these imaging features after the acute phase. Therefore, we performed a delayed MRI 2 weeks after the acute injury to assess intra-and extraneural findings in the subacute phase. The purpose of the present study was to compare image findings on acute and delayed MRI to clarify the progression of these imaging findings and to examine their relationship with symptom severity.
MATERIALS AND METHODS
Sixty-eight consecutive patients diagnosed with SCIWORA were enrolled from August 2006 to March 2014. Diagnosis was made by physical, radiological, and MRI examination. Patients who were required early surgical intervention with radiological evidence of trauma, fractures, dislocations, or obvious subluxations in cervical spine on extension-flexion radiographs, deteriorate hematoma were excluded from the study. Patients received highdose steroid therapy according to the National Acute Spinal Cord Injury Study (NASCIS) II protocol. 13, 14 The study was approved by our hospital's institutional review board, and each participant signed a written consent form after admission.
All patients underwent high-resolution MRI with a 1.5-Tesla imager (Signa; GE Medical Systems, WI) within 48 hours after injury. A delayed MRI was then taken 2 weeks after the acute injury to assess the neural and extraneural findings. On each occasion, we assessed the grade and range of ISI and the range of PVH on T2-weighted imaging (T2WI) in the sagittal view. ISI and PVH ranges were measured twice against the C3 vertebral height (VH) (Figure 2 ), 8 and the mean of two values was recorded. The range was ultimately determined by an experienced spinal surgeon utilizing all available imaging information.
ISI was classified into three grades: grade 0, none; grade 1, light (obscure); and grade 2, intense (bright) (Figure 3 ). 15 To evaluate the neurological status at admission and at 2 weeks after injury, we used the Japanese Orthopaedic Association scoring system (JOA score) for cervical myelopathy (Table 1 ) and the American Spinal Injury Association (ASIA) impairment scale. If the patients have spinal cord compression on the delayed MRI, and informed consent was obtained, they had decompression surgery after the acute phase.
Statistical Analysis
The StatMate software package (ATMS Co., Ltd, Tokyo, Japan) was used for statistical analyses. All values are expressed as mean AE standard deviation. Analysis of variance with a posthoc test (Mann-Whitney U test) was used for comparisons. Spearman rank correlation coefficient was used to assess correlations. Statistical significance was set at P < 0.05.
RESULTS
In 68 consecutive patients with SCIWORA, 52 were men and 16 were women (mean age 62 yrs, range 16-93 yrs). Forty patients in all 68 patients enrolled underwent decompression surgery after the delayed MRI. Mean duration between the injury and the operation was 34 days (range 15-149 d). On the acute MRI, ISI was observed in 64 patients (94%), with grades 0, 1, and 2 diagnosed in 4, 54, and 10 patients, respectively. On the delayed MRI, ISI was observed in 65 patients (96%), with grades 0, 1, and 2 diagnosed in 3, 31, and 34 patients, respectively. The acute and delayed MRI had mean ISI ranges of 2.3 AE 1.1 and 2.1 AE 0.9, respectively (P ¼ 0.08). PVH was observed in 52 acute MRI (76%) and 39 delayed MRI (57%) images. The mean PVH range was 3.0 AE 1.7 VH on acute MRI images and 1.3 AE 0.9 VH on delayed MRI images (P < 0.001); thus, PVH gradually attenuated by the delayed MRI.
The mean JOA score was 6.6 AE 3.8 points at admission and improved to 9.3 AE 4.1 points at 2 weeks after admission. The distribution of the ASIA impairment scale improved by 2 weeks after injury, but there was no improvement in the ASIA A group from admission ( Figure 4 ). The range of ISI tended to increase with ASIA scale scores in both periods.
The correlation between the JOA score and image findings on the acute and delayed MRI is summarized in Table 2 .
There was no significant negative correlation between the range of ISI grade and the JOA score on the admission (r ¼ À0.19, P ¼ 0.11); however, there was a significant negative correlation by 2 weeks after the acute injury (r ¼ À0.49, P < 0.001). PVH range had a significantly negative correlation with the JOA score at admission (r ¼ À0.55, P < 0.001) and after 2 weeks (r ¼ À0.46, P < 0.001).
DISCUSSION
In this study, we compared the acute MRI (taken within 48 h of injury) and delayed MRI (taken 2 wks later). Furthermore, we assessed the relation of these findings with clinical symptoms. We found that, when comparing acute and delayed MRI results, there were significant differences in the prevalence rates of ISI and PVH. Delayed MRI findings were also shown to reflect clinical symptom severity more accurately than acute findings, giving useful information about the state of the spinal cord.
Injury to the anterior longitudinal ligament, which is a critical component of the anterior column, gives rise to hemorrhage and edema in the prevertebral space, including the prevertebral muscle, intervertebral disk, and anterior longitudinal ligament. This change is visualized as a highsignal intensity on T2-weighted MRI (i.e., PVH) and suggests a hyperextension mechanism of the injury. Machino et al. 8 reported that PVH in acute MRI occurred in more than 90% of patients with SCIWORA, while Maeda et al. 10 reported that PVH occurred in 86% of patients with traumatic cervical spinal cord injury without major bone injury. Both Maeda et al. 10 and Song et al. 11 reported that the presence of PVH may be an indicator of instability in patients with central cord syndrome after hyperextension injury. They also found that the instability was significantly associated with the motor score and was associated with a poor neurological prognosis. In our study, PVH was observed in 52 patients on acute MRI images (76%) and the PVH range decreased by the time of the delayed MRI. No cases developed additional PVH or an increase in the PVH range by 2 weeks after injury. In both acute and delayed MRI images, the PVH range had significant negative correlations with the JOA score.
As with the PVH, Machino et al. 8 reported that ISI occurred in high rate of patients with SCIWORA on acute MRI images. They also reported that the range of ISI reflected the symptom severity and neurological prognosis. Equally, Sun et al. 12 concluded that the pre-and postoperative changes of the range and degree of ISI significantly reflected prognosis after surgery in patients with spinal cord injury without radiological evidence of trauma. Yukawa et al. 15 described that ISI on T2-weighted sagittal MRI in patients with cervical compression myelopathy was correlated with the postoperative JOA score and the postoperative recovery rate (calculated by the pre-and postoperative JOA score). They concluded that the ISI classification could predict surgical outcomes in patients with cervical compression myelopathy. In our study, ISI was present in both acute and delayed images, with a tendency for the ASIA impairment scale to worsen as the range of ISI increased ( Figure 5 ). In addition, there was a significant negative correlation between the ISI grade and the JOA score 2 weeks after injury; however, this correlation was not evident in the acute phase.
A past study comparing histopathological and MRI examinations in cervical spondylotic myelopathy reported that ISI without a signal change on T1-weighted images appeared nonspecifically in mildly altered lesions, such as nerve-cell loss, gliosis, gray-matter edema, Wallerian degeneration, demyelination, and white-matter edema. ISI of the cord on T2-weighted images has been considered to include a wide spectrum of compressive myelomalacic pathology. 16, 17 Although edema can appear in the acute phase of spinal cord injury as T2 hyperintensity changes, many other MRI findings tend to be caused by long-term spinal degenerative changes. Notably, degenerative spinal stenosis can lead to SCIWORA and whether it is symptomatic or not, will affect the signal change in the spinal cord on MRI. Therefore, the acute change already shown in ISI after an injury might exist before the injury. 18 Because of this, an MRI taken immediately after the injury may not provide an accurate evaluation of ISI.
The current study was limited by the fact that we did not evaluate the long-term neurological prognosis by the image assessment. Moreover, quite a few cases underwent surgical interventions (e.g., cervical laminoplasty) for rehabilitation after the acute phase. In these cases, neurological evaluations and MRI findings were not available in the middle and long term because of the baseline differences between operative and nonoperative cases. To determine the diagnostic and prognostic utility of these observational findings on the delayed MRI, further study and data collection will be required.
No definitive management protocol has been established for SCIWORA to date. 3 In our institution, we performed radiography and computed tomography imaging to identify fractures or dislocations in cervical spine. If instability was not evident on extension-flexion radiographs, patients were allowed to sit up and walk while wearing a Philadelphia collar. Rehabilitation was then started immediately after the injury. Another problem is that the role of surgical intervention for SCIWORA is controversial. [19] [20] [21] In our institution, patients with spinal cord compression in delayed MRI were offered cervical laminoplasty to achieve a more favorable outcome, particularly when the ASIA impairment scale was grade B and above. In conclusion, we found a significant change in MRI findings between the acute and delayed imaging. Although the presence of ISI and PVH on MRI was clearly related to the neurological status in spinal cord injury, findings were different between acute and delayed images. Moreover, we found that the delayed MRI more accurately reflected the clinical symptom severity. These findings could indicate that MRI immediately after an injury is insufficient to assess the diagnosis and prognosis of SCIWORA. Therefore, in SCI-WORA, delayed MRI might give additional useful information about the condition of the spinal cord after the acute phase.
Key Points
Prevertebral hyperintensity, which is commonly found on acute MRI, tended to decrease or disappear by 2 weeks after injury. The increased signal intensity grade on delayed MRI showed a significant negative correlation with the JOA score, but this correlation was absent in the acute MRI. Delayed MRI can provide useful information about the state of the spinal cord after the acute phase and can be used to diagnose SCIWORA. 
